ABSTRACT In nanocrystal quantum dots (NQDs), generating multiexcitons offers an enabling tool for enhancing NQD-based devices. However, the photocharging effect makes understanding multiexciton kinetics in NQD solids fundamentally challenging, which is critically important for solid-state devices. To date, this lack of understanding and the spectralÀtemporal aspects of the multiexciton recombination still remain unresolved in solid NQD ensembles, which is mainly due to the confusion with recombination of carriers in charged NQDs. In this work, we reveal the spectralÀtemporal behavior of biexcitons (BXs) in the presence of photocharging using near-unity quantum yield CdSe/CdS NQDs exhibiting substantial suppression of Auger recombination. Here, recombinations of biexcitons and single excitons (Xs) are successfully resolved in the presence of trions in the ensemble measurements of time-correlated single-photon counting at variable excitation intensities and varying emission wavelengths. The spectral behaviors of BXs and Xs are obtained for three NQD samples with different core sizes, revealing the strength tunability of the XÀX interaction energy in these NQDs. The extraction of spectrally resolved X, BX, and trion kinetics, which are otherwise spectrally unresolved, is enabled by our approach introducing integrated time-resolved fluorescence. The results are further experimentally verified by cross-checking excitation intensity and exposure time dependencies as well as the temporal evolutions of the photoluminescence spectra, all of which prove to be consistent. The BX and X energies are also confirmed by theoretical calculations. These findings fill an important gap in understanding the spectral dynamics of multiexcitons in such NQD solids under the influence of photocharging effects, paving the way to engineering of multiexciton kinetics in nanocrystal optoelectronics, including NQD-based lasing, photovoltaics, and photodetection.
P hotogeneration and recombination of multiexcitons (MEs) in semiconductor nanocrystal quantum dots (QDs) have recently attracted significant scientific interest as a possible means to improve the performances of QDs in device applications. High surface qualities and small density of defect sites with engineered band structures of recently developed core/shell QDs, especially those with core/shell materials of CdSe/CdS 1À7 and CdTe/CdSe, 8À10 enabled better multiexciton generation (MEG) and recombination (MER) performances, encouraging researchers in this field. In very recent reports, the MEG phenomenon has indeed been shown to be very promising, especially for improving solar energy conversion efficiencies. 11À21 It has also been demonstrated that even over 100% peak external quantum efficiency is possible for QD solar cells exploiting the MEG concept. 11 Another important research area that relies on MEG and MER processes is the utilization of QDs as the gain medium for lasing applications.
7,22À24
Easy spectral tunability and comparatively easy synthesis of QDs via wet chemistry make them very convenient candidates for lasing applications. In addition to photovoltaic and lasing applications, the MEG concept has also been shown to significantly improve photodetector device performances. 25 For all of these application areas, the most pronounced limiting effect is the nonradiative Auger recombination (AR) of MEs. Therefore, the suppression of AR is also the subject of intense research in order to benefit from the MEs most effectively. 2, 4, 5, 7, 8, 26 Until very recently, MER had been believed to be fully nonradiative as AR. However, it was shown that MERs do not have to be nonradiative and could even be made fully radiative for some special QDs. 5, 27 Although there are a great number of strong experimental and theoretical studies in the literature on MEG on a wide variety of material and shape combinations, the temporal and spectral aspects of the generation and recombination of MEs still remain under debate. Especially the confusion of the MER with the recombination of carriers in a charged QD has caused a number of different and contradicting results to be reported in the literature. 18 ,28À32 The confusion of the recombination in charged QDs and the MER has previously been addressed by the prevention of charging of the QDs by effectively exposing each QD to pulses of excitation less frequently through stirring or flowing the samples in solution. 20,33À35 Although this approach has led to very important explorations and clarifications about MEs, a deeper understanding of MEs is necessary, because avoiding the photocharging of the QDs in practical applications, such as QD lasing and solar energy conversion based on MEG, where typically thin films of QDs are used in solid form, may not be generally possible. Therefore, the behavior of the MEs in the presence of photocharging in solid QD ensembles is still required to be well understood in order to fully utilize MEs in real-life applications of solid-state devices.
In this work, we present the spectralÀtemporal behavior of biexcitons (BXs) in the presence of photocharging in near-unity quantum yield (QY) CdSe/CdS core/shell nanocrystals. By studying three QD samples with different core radii, we observe the spectral behavior modifications of the BXs as the result of strength tunability of XÀX interactions in the CdSe/CdS QDs with size variation. Resolution of the recombination events of Xs, BXs, and trions in our ensemble measurements was achieved with time-correlated singlephoton counting (TCSPC) experiments under variable excitation intensities at different emission wavelengths. In order to extract X, BX, and trion decays, we developed an analysis approach for the time decays of the sample where we described the physical events happening in the QD ensemble with their corresponding time decay terms having specific lifetimes. This method, which uses the decay lifetime differences of different events to discriminate other events, provides us with the ability to distinguish the spectral behaviors of Xs, BXs, and trions, even when their spectral behaviors are almost the same, by tracing the corresponding decay terms throughout the spectrum. As a result, the spectral radiative recombination kinetics of Xs, BXs, and trions were obtained. Moreover, we verified our results by cross-checking the excitation intensity dependences of these recombination events, evolutions of the photoluminescence spectra with time, independent steady-state photoluminescence behaviors, and exposure time dependences, all of which proved to be consistent with each other. In addition to the experimental results, the X and BX energies were estimated by standard second-order perturbation theory. The simulation results obtained are found to be in good agreement with the experimental measurements.
RESULTS AND DISCUSSION
MEs can be generated in a QD either by absorption of a highly energetic single photon followed by carrier multiplication (CM) process or by sequential absorption of multiple photons in a single pulse with lower photon energies. 36 As illustrated in Figure 1a , we generated MEs using the latter method. Since the behavior of MEs generated by either method has been shown to be the same, 28 the results of this study are valid also for the MEs generated by CM. The assemblies of CdSe/CdS QDs used in the experiments feature 88% photoluminescence quantum yield, which results from a very high degree of surface passivation and small density of defect sites in the QDs. These QDs were then embedded in poly(methyl methacrylate) (PMMA) at very low concentration in solid film samples. The very low concentration of QDs in PMMA allowed us to obtain very homogeneous QD distribution in the solid medium on the quartz substrate. Moreover, the Förster-type nonradiative energy The other hole is trapped at a trap site of the QD. (d) Exciton in a QD. This could be generated by direct absorption of a single photon or after the recombination of a BX. (The gray circles represent a core/shell QD. "e" denotes an electron and "h" denotes a hole. "E g " stands for the band gap energy of the QD.). ARTICLE transfer (NRET) among the QDs was suppressed because of the increased average interparticle distance (>50 nm) and high dielectric surrounding medium. In addition to the suppression of NRET, QD's having nearunity QY combined with low-temperature characterization ensure a high degree of suppression of other nonradiative and nonideal transitions caused by the interfacial and surface defects. Therefore, the resulting TCSPC decay curves were expected to consist mostly of radiative recombination terms.
This material combination of CdSe used as the core and CdS used as the shell has previously been shown to have a very good radiative MER behavior because of the suppression of AR in the case of a "giant" QD structure, where the core is surrounded by at least 8À10 monolayers of CdS. 2, 5, 7 Nonradiative AR is substantially suppressed (but not necessarily completely) in the QDs studied in this work; the resulting MEs in a significant portion of QDs in the ensemble have performed radiative recombination similar to the MEs in the giant QDs reported with the same core/shell materials. The suppression of the AR process to some extent may be explained by the quasi type II nature of these studied QDs.
The experimental time-resolved fluorescence (TRF) results were analyzed by least χ 2 fittings with multiexponential fitting
without enforcing any specific lifetime in any of the analyses. The numerical fitting therefore identified the best matching sets of (A i , τ i ). The fitting lifetime components of interest here are at least orders of magnitude longer than the excitation pulse width and the instrument response function. Therefore, the results can be considered as the response of the system to an impulse excitation. The method of extraction of X, BX, and trion recombination events from the total time decay curves of the ensemble is based on the lifetime differences of these physical events taking place in the ensemble. In other words, the dynamic signatures of the events are used to distinguish one from the other when exploring the spectral distributions and excitation intensity dependences of these events. Therefore, each one of the exponential decay terms in the fitting eq 1 can be attributed to a specific recombination event happening inside the QD ensemble. The resulting lifetimes together with their associated coefficients may then be examined to obtain the desired spectral dynamic behavior of the corresponding event. To find the total number of occurrences of a radiative recombination event in the ensemble, the total number of photons emitted from the sample should also be known. Integration of each decay term with respect to time gives the total number of photons emitted as a result of the corresponding physical event having that characteristic lifetime. Therefore, once the fitting coefficients and lifetimes are identified, the spectral distributions and excitation intensity dependences of the events happening in the excitation volume of the sample can conveniently be extracted and studied. Since we do not expect the emissions due to different events to have different angular emission dependences, the integration in eq 2 can be considered as a sampling of the number of occurrences of the event represented by the decay term A i e Àt/τ i (i = 1À3), which is simply equivalent to the product of the lifetime describing the specific event with its weighting coefficient. Mathematically speaking, it is then necessary to keep track of A i τ i as a function of emission wavelength, for each event i. Therefore, it is physically more meaningful to study and compare A i τ i (λ) spectra of different events, rather than
This kind of lifetime extraction methodology using TCSPC measurements has enabled us to resolve the spectral dynamic behaviors of different recombination events that would otherwise be unresolvable in ensemble systems with other methods that do not exploit the lifetime differences between the events. For example, in our case, we extracted the spectral dynamic behaviors of three different events taking place in the QD ensemble even though they are not distinguishable in the steady-state PL measurements. Thus, this approach allows us to overcome the problems of inhomogeneous broadening of QD emissions when the spectral peak positions of the two events are very close to each other. With this method, the lifetimes of each event throughout the whole emission spectrum can be analyzed. Moreover, the spectral-, temporal-, and power-dependent behaviors of different events can further be obtained even when they are spectrally unresolvable in the ensemble system. Figure 2a shows the TRF decay curves taken at the photoluminescence peak of the QD solid sample for low-and high-intensity excitation cases. The emergence of the third and fourth exponential components for the high-intensity excitation case can be seen here. The corresponding fitting coefficients and lifetimes are given in Table 1 . After collecting the fluorescence decay curves of the QDs at all emission photon energies for the specific excitation intensities, we obtain the spectral distributions of the coefficients of each exponential term in the overall decay eq 1.
The normalized fitting coefficients of each term in the overall decay for the medium intensity excitation case are shown in Figure 3a , which is useful to observe the spectral shifts between the events. The coefficients are provided here in the normalized form because the absolute amplitudes of the coefficients themselves ARTICLE might be misleading, due to the fact that one needs to take the lifetimes into account to properly calculate the number of photons emitted as a result of that event (see the Supporting Information, Figure S1 ). Therefore, the coefficients themselves cannot be representative of the total number of times an event occurred, for which the radiative decay rates of the species should also be taken into account, as Padilha et al. have very recently considered in their transient cathodoluminescence results on the investigations of nonradiative decays of excitonic species in CdSe/ZnS QDs. 37 A more accurate way of extracting the spectral distributions of the events is to utilize the integral in eq 2 (integrated TRF terms, i = 1À4 in this case) instead of just the coefficients alone at all emission photon energies, as explained above. Therefore, the integrated TRF curves depicted in Figure 3b are physically the most meaningful and important. These results presented in Figure 3b look like steady-state photoluminescence (SS-PL) measurement results, but they cannot be obtained with a steady-state method because of the overlapping spectral distributions and hence spectral mixing of the corresponding events. We also obtained the excitation intensity dependences of these events by collecting the spectral distributions of the integrated TRF terms at different excitation intensities. Figure 4a shows the dependences of the spectrally integrated total photon emissions of the corresponding events on the excitation intensity. As can be seen in Figure 4a , the total number of occurrences of the event that is represented by A 3 and τ 3 exhibits nearly a quadratic excitation intensity dependence, while the event represented by A 1 and τ 1 has a linear dependence. These characteristic behaviors are exactly what would be expected from BX and X recombination events, respectively. The linear ARTICLE dependence of X recombination on the excitation intensity is straightforward, which basically comes from a single photon absorption generating a single X to recombine. The nearly quadratic dependence of A 3 τ 3 is, on the other hand, due to the cascaded absorptions of two photons within a single pulse by a single QD, which result in the formation of BXs. Therefore, the likelihood of forming a BX quadratically increases with increasing excitation intensity. In fact, this quadratic behavior is considered to be a lucid evidence of the biexcitonic origin of this decay component. 2, 27, 38 (Here note that there is another component indicated as trions in Figure 4 , which will be examined at a later point in the paper. Here it is worth noting that this component is growing with the excitation intensity faster than X's and slower than BX's.) The spectra of each of the integrated TRF terms at the intensity levels used to construct Figure 4a are provided in Figure 4bÀ in the lowest, medium, and highest excitation intensity cases, respectively (see the Supporting Information). The three plots are scaled without changing the photon count numbers so that the A 1 τ 1 peaks are at the same level in order to guide the eye to the dominances of the integrated TRF terms. As can be seen from Figure 4bÀd , as the excitation intensity increases, the BX recombination becomes more dominant, which is consistent with the trend given in Figure 4a . The increased dominance of the coefficient A 3 (see Table 1 ) of the TRF decay curve in Figure 2a with the increased intensity is a result of the same fact that BXs become more dominant with the increased excitation intensity. It should also be noted here that, as shown in the inset of Figure 4a , the total emission from the sample has a linear excitation intensity dependence, suggesting that the features generated at higher intensities are also primarily radiative, pointing toward a significant suppression of Auger recombination.
The results of TRF measurements throughout the entire spectrum can also be analyzed by looking at the temporal cuts of the decay results at all wavelengths, as previously reported in the literature. 3, 39 Although the previous approach gives less information about the multiexcitonic behavior of the sample being tested in comparison to the method used in this paper, the former is easier to conduct and understand than the latter. Temporal evolution of the emission spectra of the sample after the laser pulse excitation is given in the inset of Figure 5 . As can be seen in the figure, the PL spectrum shifts toward longer wavelength as time passes after the excitation pulse hits the sample. This shift results from the BX emission, which takes place in the blue tail of the X peak and has a shorter lifetime in comparison to the X emission. Therefore, the emissions from BX states of the QDs diminish before the emissions from X states do and the total emission spectrum shifts to the X emission side over time. For a quantitative analysis, the shift of the PL peak position in time is depicted in Figure 5 . If the recombination of the BXs in all of the QDs were totally nonradiative via an AR Figure S2 ). ARTICLE process, the time needed for the PL peak to come to the final PL peak position, where the X emission takes place, would take 1À2 ns because of the very short subnanosecond lifetime of the AR process. However, it is shown in Figure 5 that it takes more than 20 ns for the PL peak to arrive at the eventual position where emissions are only from the X states of the QDs. These results support the claims that BXs emit at higher photon energies in these QDs and possess a lifetime around 4À5 ns, as obtained with the TRF decay fitting results. The long lifetimes of BXs in comparison to typical AR lifetimes of BXs support that AR is suppressed in a substantial portion of the QDs in the ensemble. This is consistent with the conclusion drawn from the linear intensity dependence of total emission from the sample (inset of Figure 4a ).
In addition to Figure 5 , it is observed from Figure 4bÀd that the BX transition takes place at higher photon energies in comparison to the X transition. This positive interaction energy is evidence of the repulsive XÀX Coulomb interaction between the two excitons in these QDs. The repulsive nature of this interaction can be explained by the quasi type II carrier distributions inside these QDs. In CdSe/CdS QDs, since the conduction band offset for the electrons at the interface is about 0.3 eV, which is too small to totally confine the electrons inside the core, the electrons are delocalized over the entire nanocrystal volume while the holes are mainly confined in the core, causing a local disturbance of the charge neutrality in the QDs (see the Supporting Information for calculated electron and hole wave functions, given in Figure S4) . 40 Therefore, the XÀX Coulomb interaction for quasi type II QDs is expected to be slightly repulsive, which is also the case here and is in agreement with a previous report. 23 The amount of the interaction energy, the spectral shift of BXs with respect to Xs, observed here is Δ XX = pω XX À pω X = 30 meV. To support our experimental results, we estimate the energy shift between the Xs and BXs by standard second-order perturbation theory. In such a case, the eigenenergies of the X and BX are
where E 0 is the unperturbed eigenenergy and |0ae is the unperturbed eigenvector of the e-h ground state based on a kinetic energy, E i is the unperturbed eigenenergy and |iae is the unperturbed eigenvector of all the other states, and H 0 is the many-body perturbation Hamiltonian
given by
where R and β label two particles with charge q, R QD is the coreÀshell radius, r R and r β are the positions of the two charge particles, P l is the Legendre polynomial function, and ε = ε QD /ε M is the ratio between the QD dielectric constant ε QD and the surrounding medium dielectric constant ε M . Note that we calculate the coreÀshell wave functions and use them to predict the energy shift. The computational result for the XÀBX energy shift (Coulomb interaction energy) is found Δ XX = E XX À 2E X = 33 meV (E XX and E X are the calculated BX and X energies, respectively, and are related via pω XX = E XX À E X ), which is in very good agreement with the experimental value of 30 meV (see the Supporting Information). In addition to the quadratic intensity dependence and coherent spectral behavior of the decay term A 3 τ 3 , the lifetime of this component is also a strong evidence for the biexcitonic origin of this component. Throughout the entire spectrum, for all excitation intensity levels, the lifetime of this component, τ 3 , is found to be very close to the one-fourth of the single exciton recombination lifetime, τ 1 (see the Supporting Information). This ratio of BX radiative recombination rate to the X recombination rate is expected to be 4 according to the quadratic scaling of the recombination rates with the exciton multiplicity, which was previously proposed and supported through "free carrier model" by McGuire et al. and also by some other reports. 20, 41 The reason behind the quadratic scaling of recombination rates is that there are N 2 possible recombination pathways for a QD with N excitons in it, as illustrated in Figure 1 . Therefore, the "free carrier model" can be said to hold true for this core/shell material combination both for the giant QDs reported previously 2 and for these QDs reported here. The range of BX recombination lifetime and the clear shift of the photoluminescence spectra with time suggest that the recombination events of BXs through the TRF fitting term A 3 τ 3 are radiative and take place in the QDs that exhibit AR suppression behavior. Although AR suppression behavior is clearly present in the ensemble, there may 
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be also a subensemble of QDs that does not exhibit AR suppression in our sample, as is the case for some previous reports in the literature. 1, 5, 41 If there exists, the recombination dynamics of BXs generated in this subensemble of QDs without AR suppression, i.e., the nonradiative part of the BX dynamics, is included in the A 4 τ 4 term. This term has a subnanosecond lifetime, as expected from AR, and will be discussed later in the paper. In addition to the QDs whose spectral X, trion, and BX behaviors are provided in Figure 4 , we measured and obtained integrated TRF decay terms under highintensity excitation for two more CdSe/CdS QDs, one with a smaller core size and one with a larger core size, with both the same shell thicknesses as the previous middle-sized QD sample. As can be seen in Figure 6a , the spectra for the QDs with the largest core, the BX peak is almost at the same spectral position as the X peak. The BXÀX peak shift is 30 and 43 meV for the middle-sized (Figure 6b ) and smallest core (Figure 6c ) QDs, respectively. The reason for the trend of the higher energy BX formation in comparison to the Xs for the smaller-core QDs is that the delocalization of the electrons over the shell region of the QDs increases with a decrease in the core radius, which results in a more type II like behavior. For the large core case provided in Figure 6a , the local charge neutrality in the QDs is not distorted enough to observe a repulsive XÀX interaction and, hence, a blue-shifted BX with respect to the Xs is not observed.
In order to verify our claim that the A 1 τ 1 integrated TRF term is due to the emissions of the X states of the QDs, we conducted TRF and SS-PL measurements at room temperature. In Figure 7 , the spectral distributions of the integrated TRF terms under excitation intensity high enough to generate BXs and trions are compared to the SS-PL spectrum of the same sample taken under very low intensity continuous-wave excitation at 442 nm (3 eV). In the SS-PL measurement, we therefore expect only the emissions from the X states of the QDs to contribute. Since we also attribute the TRF decay term represented by A 1 τ 1 to the emission of the X states, one would expect a significant overlap of the A 1 τ 1 spectral distribution with the SS-PL spectrum. 
The results show almost full overlap, as expected. The consistency between totally independent TRF and SS-PL measurements in terms of X emission can be considered as a strong evidence of the A 1 τ 1 attribution to the X decay.
In the previous parts where we discussed the BX and X recombination events, the results for the attribution of A 1 τ 1 and A 3 τ 3 terms to X and BX recombination events were provided. Figure 8 presents the necessary information for us to make comments on the remaining two components of the overall TRF decay, A 2 τ 2 and A 4 τ 4 . Figure 8 shows two TRF decays of the QD solid sample under exactly the same excitation conditions for the same data collection duration only using different times of exposure to the laser beam. The blue curve is the case when the sample is exposed to the light for a few seconds, whereas the red curve is the decay curve of the sample after exposure to the laser beam for 15 min. The corresponding fitting parameters are given in Table 2 . For this experiment, we expect the radiative and nonradiative recombination events of charged QDs to become more dominant for the case of longer exposure time because of the accumulation of the charged QDs in the ensemble. Especially, the radiative and nonradiative decay terms of trions from the QDs with and without AR suppression, respectively, are expected to dominate. As can be seen from Figure 8 and Table 2 , for the longer exposure time case, the total emission of the QDs decreases considerably because of the increased amount of nonradiative AR, which is enhanced due to the photocharging of the QDs. Since it is well established that the typical AR lifetimes for these kinds of QDs are on the order of hundreds of picoseconds, we expect to have a more pronounced coefficient of the decay term with a lifetime of 300À400 ps, which is A 4 . The increase of the A 4 coefficient with exposure time, as shown in Table 2 , means that at least a good portion of the 300À400 ps lifetime component is due to the AR of trions. (Despite the fact that the experimental time resolution is not high enough to obtain exact lifetimes and coefficients of AR, we could still obtain conclusive results and make qualitative comments about the dominance of the corresponding decay component.) In addition to the nonradiative AR of trions, we observe an increase in the coefficient A 2 , which we believe is the coefficient related to the radiative recombination of trions in the QDs with suppressed AR behavior. The trions with radiative recombination behavior are believed to be negatively charged, because the AR probability for positively charged trions is higher due to the high degree of spatial confinement for holes in this material system. 42 The lifetime value, τ 2 , is ca. half of the lifetime of the X decay, τ 1 . This is another supporting result for the claim that A 2 τ 2 corresponds to the radiative decay of trions, consistent with the free carrier model 20 and other reports in the literature. 43 The observation of radiative recombinations of trions from the ensemble is considered to be a good sign of substantially suppressed AR. 26 Also, in Figure 4 , it is observed that the total number of occurrences of trion recombinations represented by the spectral integration of A 2 τ 2 exhibits a subquadratic and superlinear dependency on the excitation intensity, which is yet more supporting evidence for the observation of trions. The last decay term that was observed in the TRF measurements is the A 4 τ 4 decay term, which we attribute to the nonradiative recombinations of trions, BXs, charged BXs, and species of higher multiplicity that are generated in the QDs without AR suppression behavior, whereas the first three decay terms were purely radiative. In our study, we do not observe a significant radiative recombination from the charged BX states in the QD ensemble. This could be due to the higher dominancy of AR, in accordance with the very strong positive dependence of AR rate on the charge carrier number in the QDs, which makes the radiative recombination from charged BX states less likely. When the temperature was decreased to cryogenic temperatures, we observed that the A 4 τ 4 decay term became more pronounced at all emission photon energies. This shows that, in addition to the nonradiative AR of BXs and trions, the A 4 τ 4 decay term has some contribution from the emission of the singlet states before the system comes to a thermal equilibrium between singlet and triplet states. 44, 45 Further details of this very fast component were not investigated in this study and are out of the scope of this work. However, with higher time resolution characterization, the spectral and temporal behavior of these very fast events could also in principle be resolved with the systematic method employed here. The important point regarding this very fast weak component for our work here is that this component does not affect the results we obtained and conclusions we drew about the other terms of the overall decay.
CONCLUSIONS
In conclusion, we successfully resolved and identified the radiative BX recombination events in the ARTICLE presence of photocharging in the solid ensembles of CdSe/CdS QDs with near-unity QY. We distinguished the radiative X, BX, and trion recombination events by systematically analyzing the multiexponential decay components of the overall TRF decay throughout the entire emission spectrum. Our experiments on three different QD samples with different core sizes revealed the dependence of spectral BX recombination behavior on the carrier localizations in the QDs, which can be conveniently tuned to engineer the XÀX interaction energy. We introduced the integrated TRF terms A i τ i to reveal the spectrally resolved kinetics of multiexciton recombination, which is otherwise spectrally unresolved in the ensemble of QD solids. The spectral overlap of different events in MER normally makes the ensemble study of these events impossible, and single QD measurements would be needed in order to resolve and see the distinct spectral behaviors of different events. However, the analysis method devised here has enabled us to eliminate "the ensembling effect", because we relied on the characteristic decay lifetimes of the events to distinguish them from one another. Therefore, we could see the individual spectral behaviors of the events, even though they are spectrally mixed. On the basis of this analysis methodology, for the TRF term A 3 τ 3 , we obtained the quadratic excitation intensity dependence, TRF decay lifetime values quarter of the longest lifetime, and the temporal evolution of the PL spectra with a characteristic blue shift (due to the repulsive XÀX Coulomb interaction), which was also theoretically computed by the standard secondorder perturbation theory. These findings consistently strongly support the hypothesis that this A 3 τ 3 decay component results from the radiative recombination of BXs in the QDs with suppressed AR behavior. After the BX discussion, the independent SS-PL spectrum under very low intensity continuous-wave excitation was compared to the spectral distribution of the A 1 τ 1 component, showing that this component is indeed the X radiative decay component, in addition to the supporting evidence of the linear excitation intensity dependence. Finally, the exposure time dependences of A 2 τ 2 and A 4 τ 4 terms are used as experimental evidence for the attributions of these components to the radiative and nonradiative recombinations of trions, respectively, along with the supporting argument of subquadratic and superlinear excitation intensity dependence of A 2 τ 2 , very short τ 4 (hundreds of picoseconds), and τ 2 being half of the longest lifetime. The observations of these radiative BX and trion recombinations indicate the suppression of Auger recombination in at least a good portion of these QDs in our ensemble samples.
We believe that these findings and discussions fill an important gap in understanding the spectral dynamics of MER in these QD solids and their behavior under the photocharging effects. In addition to the results and conclusions about BXs, trions, and Xs in QDs in this work, we feel that the systematic analysis approach devised in this study could be an important enabling tool that could help us study not only the radiative recombination events in any kind of ensemble samples consisting of one type of emitters but also their nonradiative recombination events. The only requirement for multiple events to be investigated in this method is that each event should have a unique decay lifetime, which is almost always ensured if the ensemble is of only one emitter type (and not a mixture of emitters).
The fundamental understanding of multiexciton recombinations together with the means to identify BXs, trions, and Xs paves the way to engineer MER processes to most effectively exploit the MEG concept in nanocrystal photovoltaics and lasing.
METHODS
Synthesis of Quantum Dots. The synthesis of CdSe/CdS QDs having a core radius of ca. 1.22 nm and shell thickness of ca. 1.4 nm was carried out through a modified selective ion layer adsorption and reaction (SILAR) technique, as Greytak et al. previously reported. 6, 46 In this synthesis, CdSe cores were formed. Then, the CdS shell layers were grown around the cores at 180°C, which is not high enough for an alloying to occur. Therefore, formation of interfacial alloy layers of CdSeS is not expected in this synthesis. The size distribution of the QDs obtained with this synthesis method is narrow (<10% deviation from the average QD size), as can be seen in the transmission electron microscopy image of the QDs given in Figure S6 . The PL full-width at half-maximum value of ca. 25 nm also indicates the highly monodisperse size distribution of the QDs.
Preparation of Quantum Dot Film Samples. The near-unity quantum yield CdSe/CdS core/shell QDs were dispersed at a medium concentration in hexane. Then, 2 μL of the QD solution was mixed with 98 μL of poly(methyl methacrylate) (PMMA) A7.5 with the help of a Vortex mixer (Velp Scientifica Inc.) for approximately 5 min until QDs were dispersed completely homogeneously inside the PMMA. A 50Â dilution of the QD solution ensured the very low concentration of QD solids in order to avoid nonradiative energy transfer in the sample. A 25 μL portion of this QD-PMMA mixture was spin-coated onto clean quartz substrates of 1 cm Â 1 cm in dimensions at a 1500 rpm rotation speed for 3 min.
Absorption Cross-Section Calculations. The absorption cross-section, σ abs , of the core/shell QDs at 375 nm excitation wavelength is obtained by comparing the absorbance of an as-synthesized in-solution core/shell sample to that of the same concentration core sample before the shell coating. From the previously reported molar extinction coefficient of CdSe QDs, 47 we obtained σ abs = 2.83 Â 10 À15 cm 2 . Time-Resolved Fluorescence Measurements. We used a 3.3 eV (375 nm) pulsed laser excitation with a pulse width of less than 50 ps at a repetition rate of 5 MHz which is focused to a spot size of 37 μm 2 on the sample for the TCSPC measurements (Picoquant Fluotime 200). Laser fluences were varied from 9.8 Â 10 12 to 5.1 Â 10 14 photons/(cm 2 pulse). The collection part of the TRF setup consists of a monochromator with 8 nm wavelength resolution and 0.3 nm wavelength accuracy and a ARTICLE photomultiplier tube with controlling electronics, resulting in a time resolution of ca. 200 ps. To avoid phonon-mediated undesired processes as much as possible, we worked at temperatures below 20 K with the help of a closed-cycle liquid He cryostat (Cryo Industries).
The TRF decay curves were fitted with the multiexponential fitting formula using the least χ 2 fitting algorithm. Since the best χ 2 values were obtained for the four-exponential fittings, the decay curves were fitted with the four exponentials. We also checked the resulting spectral behaviors with three exponentials, which resulted in physically meaningless steep changes in the individual lifetime values for the varying emission wavelengths. The consistency of the lifetime values and ratios of each decay term to each other throughout the entire spectrum, as provided in Figure S5 (Supporting Information), also justifies that each decay term represents a physical event. For the fiveexponential fitting trials, the fifth decay coefficient turned out to be zero, justifying our four-exponential fittings.
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